This paper presents a novel metric, product flow number, to determine the product flow nature across the supply chain of apparel industries. The metric is based on mapping the dynamics of fluid flow across a pipe to product flow across a supply chain. Numerical analysis is conducted to examine the impact of the different metric parameters on the product flow. Results showed that smooth dynamics can be achieved through scaling production and extending delivery times, while undesirable dynamics are tied to complex product designs and increasing number of suppliers. Finally, the paper demonstrated how the new metric can be used as a planning and control tool for supply chain management in the apparel industry.
Introduction
In today's dynamic market and uncertain competing environment, the need for robust supply chains becomes more pressing. Robustness in supply chain management requires both dynamic models as well as adaptive planning and control policies. The service provided to the end customer is determined by the effectiveness and efficiency of the dynamic cooperation of all companies in the supply chain (Souza et al., 2000) . Competition is no longer one company against other companies, but one supply chain against other supply chains. Robust supply chain management is highly related to the ability to coordination the goal searching processes of different companies in the supply chain. This is particularly important since companies have their own business goals and rules that may, in some cases, conflict with each other.
Today's supply chains are nonlinear dynamic systems, the control of which is complicated by long, variable delays in product and information flows (Joshi, 1998) . The complexity essence of supply chain and the ever-changing market environment have bearing on lots of dynamics, uncertain and complex factors affecting supply chain performance. However, managers mostly pay their attention to some critical performance measure and key variables, such as order fulfilment rate, inventory level and production capacity. Today's market place is increasingly dynamic and volatile. So these factors often change over time. Moreover, there are many feedback loops within these factors which cause complex interrelationships and complex behaviours in supply chain (Wilding, 1998) . It is much difficult for supply chain managers to clearly understand various problems in supply chain operations and make appropriate decisions within limited time to improve supply chain performance.
The work presented in this paper contributes to the field of robust supply chain through dynamic performance modeling and analysis. A new metric named as product flow number (PFN) is proposed. The scope of work focuses on the apparel industry without loosing the generality of the proposed approach to other industries. The objective behind developing this number is to better understand and manage the supply chain dynamics through focusing on the product flow. Obviously, it is very helpful to realize quantitative management of supply chain and provide managers with theoretical foundation for decision making so as to achieve continuous performance improvement and collaborative operations of supply chain.
The remainder of this paper is organized as follows: Section 2 reviews the supply chain dynamics. Section 3 introduces the assumptions, the number itself and input parameters of the proposed flow number. Section 4 describes briefly the industrial application to validate the number. Section 5 includes the guidelines for managing apparel supply chain based on the proposed number and finally, in Section 6 some managerial implications of the proposed number are discussed with suggestions for future research.
Review on supply chain dynamics
Supply chains are complicated dynamic systems triggered by customer demands. Proper selection of equipments, machinery, buildings and transport fleets is a key component for the success of such systems. Companies need to cope up with high seasonal fluctuations in demand. Fast design changes and complex products require special attention in ramp-up to full volume. Several researches have been carried out to explore different dynamic aspects of the supply chain. In this section we review examples of these researches. , Beamon (1998) and Suwignjo et al. (2000) showed that dynamic supply chain practices offer the prospect of more efficient matching suppliers and producers in the face of changing market conditions. Vokurka and Fliendner (1998) identified that customer requires reasonable order fulfilment time when production is changing to new models, or when a high demand peak occurs. In addition, Silveira (1998) , Frey (1994) and Lee and Tang (1997) have shown that product variety has increased significantly and increased product and component variety is a significant characteristic of modern competitions. This will in turn reduce the product life cycles dramatically.
Vigorous supply chain coordination between the manufacturer and its suppliers was the focus of various dynamic supply chain analyses in the literature. Coordination (with information sharing in the heart of it) was regarded as a core responsibility for a supply chain manager to explore these coordination gaps and to handle them properly. Piplani and Fu (2005) presented a coordination framework to align the inventory decisions in decentralized supply chains. The authors have shown through a case study that the framework reduces the supply chain inventory holding cost over the existing system by 10.4%. On the other hand, lack of coordination between the manufacturer and their suppliers showed that the supply chain will suffer from ''bullwhip effect'' which refers to increasing variability of demand further upstream in the supply chain. Dejonckheere et al. (2004) have shown that the bullwhip problem cannot be completely eliminated and it increases as one move up the chain. Thus the authors have introduced a control engineering based measure to quantify these variations and identified that information sharing as the main form of coordination is necessary to reduce order variance at higher levels of the chain. Further work has been carried out by Ouyang (2007) where the author proposed a framework which allows for optimal inventory replenishment policies, through dynamic sharing and utilizing information with customer demand capturing processes. Sarimveis et al. (2008) has shown that due to the resemblance of supply chains to engineering dynamical systems, control theory has provided a solid background to improve sustainability performance of the systems. The authors also pointed out many alternative control philosophies and identified the advantages, weaknesses and complexities of each of them. Finally they have showed the importance of a joint cooperation between control experts and supply chain managers to introduce more realism to the dynamical models and also for improved supply chain management policies. Riddalls et al. (2000) focused on the alternative approaches that have been proposed for modeling the dynamics of supply chains. They categorized these models to be continuous time models, discrete event models or classical operational research methods. Each method was then evaluated from a system dynamics perspective. And finally a judgement was made on whether the merits of operational research techniques justify their performance in industry over the continuous time models and discrete event models. Stalk and Hount (1990) showed that the supply chain dynamics lead to the increase in the cost of the company and the whole chain. Although the cost can vary from one situation to the other, however, they showed that generally the increase in business overheads due to the dynamics is a cube function of the area between the actual response of a company in the chain and a theoretical neutral axis, where demand equal supply. Modrak (2009) stated that the movement of items through a product distribution network is a complex dynamic process which depends not only on the network's static topology but also on knowledge of how each node stores, handles and forward items. He showed that understanding the behaviour of distribution networks is vital to business process modeling and is challenging because the dynamic properties of such a network cannot be predicted easily from its static topology.
Computer simulations were widely used as an effective method to grasp the impact of supply chain dynamics. Higuchi and Troutt (2004) integrated simulation experiments with queuing theory to capture the interactions between demand and backlogs as a critical factor in supply chain performance. The model proposed by the authors comprised of three components which were market, retail and factory. The authors were optimistic that the model will be helpful to decision makers and planners to assuage short life cycle product introduction problems. In addition, the work of Pidd (1984) incorporated hierarchical feedback processes with dynamic simulations to analyze supply chain interactive performance.
System dynamics has been another alternative for supply chain modeling and analysis of its dynamics. Examples include the work of Umeda (2007) where he described a novel simulation hybrid-modeling framework which integrates discrete event modeling with system-dynamics modeling. The objectives of developing the framework were to simulate feedbacks of supply chain activities in social system mechanisms, to enable management simulation in long time terms and finally to clarify requirement specifications towards supply chain management gaming. In another work, Georgiadis et al. (2005) showed system dynamic methodology as a modeling and analysis tool to tackle strategic issues for food supply chains. They presented guidelines for the methodology and its development for the strategic modeling of single and multi-echelon supply chains. Finally, the authors examined capacity planning policies for the supply chain with transient flows due to market constraints.
An earlier attempt to make an analogy between fluid dynamics and supply chain to explain the relations between the supply network structures and their dynamics was carried by Romano (2009) . The main result of this study was developing an interpretation model using supply network structure, business process configuration and time performance in an attempt to unite these factors under one framework. The findings were demonstrated through practical case studies with data collected from Ferdows et al. (2003) .
From the previous review, the dynamics of supply chain is still an area for further research. One of the missing aspects in such dynamic analysis relates to the product flow inside the supply chain. Few attempts have been made to predict this behaviour by using dynamic simulation (Helo, 2000; Winker et al., 1991) . However, these approaches failed to offer a quantitative metric that can control and navigates the supply chain to help managers take the best decision under any particular circumstances. The proposed product flow number (PFN) presented in this paper is a novel metric that predicts the product flow nature across a dynamic supply chain network by assigning some numerical values. An analogy has been made to map the dynamics of the fluid flow across a pipe to the product flow across a supply chain. The new metric can act as a very useful planning and control tool to better manage supply chain dynamics among industries.
Proposed product flow number (PFN)
The proposed metric is based on Reynolds number where the authors attempt to map the dynamics foundation of fluid mechanics to better understand and manage the dynamics in supply chain. In fluid mechanics the Reynolds number (R e ) can be defined as the ratio of inertial forces (rv 2 ) to viscous forces (mv/L) and consequently quantifies the relative importance of these two types of forces for given flow conditions (Reynolds, 1983) .
where L is called 'characteristic length' and depends on the physical structure of the means through which fluid flows (e.g. it is equal to the pipe diameter if the cross section is circular), r is the fluid density, and m is the absolute dynamic fluid viscosity.
The Reynolds number is used to determine whether a flow will be laminar or turbulent.
For low values of R e the flow is laminar where viscous forces are dominant and is characterized by smooth, constant fluid motion. Turbulent flow occurs at high Reynolds numbers and is dominated by inertial forces, which tend to produce flow instabilities. For circular pipes the Reynolds number is generally accepted to be within 2300 for a laminar flow, values from 2300 to 4000 are said to be transitional flow and for values greater than Reynolds number 4000, the flow is said to be turbulent (Batchelor, 2000) .
In this study, the authors assume that the product flow in a supply chain is similar to fluid flow in a circular pipe. Thus product flow dynamics can be laminar (which means smooth and easily controlled), transitional or turbulent flow (which means it is experiencing undesirable dynamics). The product flow number will work same as Reynolds number to decide on the nature of the flow dynamics. The new product flow number will focus on an apparel manufacturing industry in an attempt to demonstrate and validate the new approach. The general application of the new developed metric can be extended to other industries; however, this will be carried out in future work.
Assumptions of the proposed product flow number (PFN)
The proposed product flow number is based on the following assumptions: a. Total order quantity Q t in period t (the difference between demands in periods t and t À1) is known where Q t 40. b. The fabric factor (f) and garments factor (g) should be greater than zero. f40 and g 40.
Because if any of these two factors are zero; there will be no production and hence there will be no product flow in the supply chain network. Fabric factor (f) and garments factor (g) are the two most important characterization factors for a particular apparel product. The value of fabric factor (f) increases depending on the complexity of fabric used for the product. Similarly, the value of garments factor (g) increases depending on the complexity of the production layout. c. The production rate (r) is considered as the average number of products the manufacturer can produce per month from one production line. Also, the total working days in the month has been considered as twenty five days/month. The working hours are eight hours/day (excluding 1 hour lunch break).
Proposed product flow number (PFN)
The proposed is a dimensionless number which is defined in Eq. (2) as where Q t is total order quantity (pcs), n is number of suppliers, c is number of available product configurations, m is characterization factor, r is production rate (pcs/month) and t is the delivery time of the product (month).
Reynolds number is important in analyzing any type of flow when there is substantial velocity gradient (i.e. shear). It indicates the relative significance of the viscous effect compared to the inertia effect. Since supply networks can be thought of as the means through which material and information flow, we can export the fluid dynamics explanation of the fluid flow to the supply chain network context which will determine a relation between total order quantity, number of suppliers, number of available product configurations, characterization factor, production rate and delivery time.
In this study the inertial force is defined in Eq. (3) as And, the viscous force is defined in Eq. (4) as
By definition an inertial force occurs only when the object is accelerated by a force. In this study the parameters defined in Eq. (3) are regarded as inertial force. By increasing these parameters for a particular product its supply chain network apprehends a pushing force which accelerates the dynamicity of the product. For example, if the number of available product configurations is increased, then there will be more product variety which will accelerate dynamics throughout the supply chain network. A similar phenomenon occurs when increasing the production rate since supply chain network activities will also need to be increased to feed the production line which will in turn generate more supply chain dynamics for that product.
On the other hand, a viscous force implies the resistance of a fluid to flow, caused by its internal friction, which makes it resist slowing past a solid surface and makes layers of the fluid resist flowing past other layers. The two parameters delivery time (t) and characterization factor (m) defined by Eq. (4) are regarded as viscous force for the product flow in the supply chain. For example, if the value of characterization factor increases for a particular product then this resists a smooth flow of the product across the supply chain network due to its complexity especially if compared to a simple product. Likewise, if the delivery time increases for a specific product then this will lead to an increase in the immobility of that product.
Laminar flow occurs at low Reynolds numbers where viscous forces are dominant and is characterized by smooth, constant fluid motion, while turbulent flow occurs at high Reynolds number and is dominated by inertial forces which tend to produce random eddies, vortices and other flow instabilities. The same phenomenon occurs for the product flow in the supply chain. The laminar product flow (at low product flow number) Inertial force ¼ Totalorder quantityÃNumber of suppliersÃNumber of available product configurations Production rate
Product flow number ¼ Total order quantityÃNumber of suppliersÃnumber of available product configurationsÃcharacterization factor production rateÃdelivery time
indicates that production rate and delivery time for a product are dominant (the production can meet the demand in a timely manner, i.e. enough products and enough time) and thus the supply chain network is characterized by smooth and constant production flow. Turbulent product flow occurs at high product flow number when it is dominated by inertial forces represented by total order quantity, number of suppliers, number of available product configurations and characterization factor. The reason behind such analogy is that the previous factors tend to make the supply chain more complex and uncertain. The characterization factor (m) is the sum of the most important factors that share in describing the product configuration. Since this study deals with apparel products, the authors identified four most important factors in that product and thus the characterization factor can be defined using :
Characterization factorðmÞ ¼ fabric factor þgarments factor þprint factor þembroidery factorþ washing factor, m ¼ f þg þp þe þw ð5Þ
where f is fabric factor, g is garments factor, p is print factor, e is embroidery factor and w is washing factor. From Eq. (2), it is clear that the total order quantity (Q t ), number of suppliers (n), number of available product configurations (c) of the product and the characterization factor (m) has proportional relationship with product flow number while production rate (r) and delivery time (t) has inverse proportional relationship with product flow number. These relationships are important to understand the role of the various parameters of product flow number on supply chain planning and control. These parameters are further described.
To complete the flow dynamics analogy, it is important to point out that the analysis presented in this paper for the product flow is bounded within the apparel facility itself and the core contributing suppliers. This means that this analysis does not include all the other supply chain echelons upstream and downstream of that portion of the supply chain pipe. A summary of this boundary consideration is depicted in Fig. 1. 
Insights on input parameters
In this subsection a brief description of the input parameters and information that are assumed to be available are presented.
Total order quantity (q t ) and delivery time (t)
Total order quantity, Q t is the total number of products that need to be produced within a specified time period. For example if a buyer orders 100,000 pcs of garments to be produced within four months this means that the manufacturer needs to deliver that quantity to the buyer after four months. It is important to note that having the proper adjustment between the order quantity and delivery time can affect the supply chain dynamics. For example, if a number of garments need to be produced in five months then the product flow pattern will be different when compared to the same number of garments that need to produce within three months. So, these two input parameters plays an important role in determining the product flow number and have the capability to significantly change the flow pattern from laminar to turbulent or vice versa.
Number of suppliers (n)
This number indicates the total number of supplier in a supply chain network. The number of supplier plays an important role in the flow pattern. For example, if the raw material of the product comes from fifteen different suppliers and the semi finished product passes through another three to four suppliers (as we will observe in the apparel supply chain network) then this network configuration will be much more complex when compared to other products for which their raw material comes from only ten different suppliers and the semi finished product passes through another one or two suppliers to have the final product. It is clear that if there are more suppliers involved, the lead time (the time between ordering and receiving a single product) of the product will be higher and vice versa. Thus, the overall supply chain planning strategy should be different from one product to the other based on the number of suppliers involved.
Number of available product configurations (c)
The number of available product configurations also increases the value of product flow number. For example, if the garments need to be produced in three different colors, this will be different from the case where the same garments need to be produced with six different colors. If the number of colors of the garments increases, then the dyeing department need to produce six more batches instead of three batches. In addition, if the garments contain printing, embroidery or washing facilities, then in each case the suppliers need to account for these different configurations of the garments. Finally on the production floor level, if one color garments changed into another color (new configuration), then the threads, labels (care and batch) and other necessary set up will also change and this will in turn reduces the quantity of production and will prolong delivery time.
Production rate (r)
Production rate refers to the number of product that can be produced in one month using one production line with units of pcs/month. If there are more production lines available for this product, then simply multiply the number of production lines with the monthly production rate. Production rate is an important factor that can reduce the product flow number (PFN) significantly.
Characterization factor (m)
The characterization factor integrates the most significant parameters that affect the flow of the product on the production line. For each of the selected factors mentioned earlier, a value between 0 and 5 has been assigned based on the level of difficulty to perform the operation. It is important to note that the selected metric is based on the authors experience with apparel industry and is used to highlight the impact of different characterization factors' levels and types on the overall flow of the product in the supply chain. This subjective selection of the metric values can be further investigated (in later research) to have more exact ones; however, the overall analysis is not affected with any proportional difference in these values. The values are explained in Table 1 . Since fabric factor (f) and garments factor (g) cannot hold a value of zero, the characterization factor (m) range will be 2rmZ25. A print factor value of zero means there is no print work in the garments; hence the garments will not flow to the print supplier. A print factor value of one means that there is an embellishment work in the garments which is very basic (say discharge print) and the printing area is very small. Hence it will require less printing time from the printing supplier. Furthermore, a print factor five means that, there is a lot of printing work in the garments (e.g. flock and discharge print in the front side and a rubber print in the back side) and thus to accomplish these types of operations the printing supplier will require more time. This will definitely affect the dynamics of the supply chain. Also, most of the times the rejection rate in these cases becomes higher and the manufacturer needs to reorder replacement for the rejected parts. Similarly for garments factor (g) a value between 0 and 5 has been assigned based on the level of difficulty to perform the production operation. For example if the shape of a neck in a t-shirt consisted of V-neck instead of a round neck, then it will be much more complex for an operator to perform such an operation. Such complexity in design also hampers smooth flow of production and enhances rejection rate. Thus an efficient supply chain manager will never evaluate the two operations (V-neck versus round neck) as a same digit. Thus higher the garments factor (g) means the more complex the garment is in terms of production. Similar scenarios are true for all other factors as well. It is necessary to identify these factors at the early development stage to help supply chain managers gain an insight about upcoming flow pattern of that particular product.
The authors observed that there is distinct relationship between characterization factor (m) and hourly production rate which is shown in Fig. 2 . If the value of the characterization factor (m) increases then it reduces the hourly production rate (pcs/h) of that product. Forty products with different characterization factors (m) at different apparel industries have been studied and hourly production rate of each product has been monitored (see Appendix A for data). By plotting these values into Fig. 2 we have found a mathematical relationship among them and which can be expressed as Productio production rateðpcs=hÞ ¼ 218:7À12:67m
where m is the characterization factor. The figure highlights the adverse effect that the characterization factor has over the production rate. One can use Fig. 2 (if working in the same industry) to determine the hourly production rate if s/he knows the value of the total characterization factor.
Product flow number limits for apparel supply chain dynamics
After the formulation of the product flow number equation and exploring its different parameters, we started to investigate the product flow number values that decide on the supply chain dynamics. More than forty supply chain cases in the apparel industry were monitored for that purpose. The monitoring process focused on the delivery time as the major performance metric that can describe many of the dynamical characteristics of the supply chains. Of all the factors that influence a customers desire to remain loyal to the manufacturer, consistent and on time delivery of their orders stand as a major ones. A performance level of 95% was selected to describe the acceptable delivery level (95% of the required customer order was delivered on time). Fig. 3 shows the delivery performance of the forty observed supply Fig. 2 . Relationship between characterization factor and hourly production rate. chain cases. Numerical calculations of these forty case studies data are shown in Appendix B.
Examining the product flow number of those supply chain cases that had an acceptable delivery performance and those who failed to meet the required level, it was observed that they can be categorized into three zones. For product flow number up to 2300, the product flow nature can be treated as laminar, while the product flow number greater than 2300 and up to 4000, the product flow nature can be treated as transitional, and finally with product flow number greater than 4000, the product flow nature can be treated as turbulent. The reason for introducing a transitional zone between laminar and turbulent zones was to recognize that those supply chains cases which failed to meet the required delivery target are not equally treated. In real practice, managers need to know the relative degree of bad performing supply chain plans or configurations to plan for prioritized corrective actions. This will be further demonstrated in this study. Hence, in this paper we propose the following product flow number dynamic limits: PFN r2300 (laminar product flow) 300rPFN r4000 (Transitional product flow) PFN 44000 (Turbulent product flow).
It is also important to note here that in this observational analysis, the considered dynamic limits are calculated with respect to taking the delivery time as the major performance metric and 95% as a target service level. Considering other performance metrics at different target levels will lead to different dynamic limits for product flow in apparel supply chain. Such analysis will be explored in further research. Table 2 summarizes important facts about the forty cases studied and used to further support the proposed product flow number dynamic limits.
From Fig. 2 , Table 2 , and Appendix B data, it is shown that the eighteen cases with delivery performance less than 95% have their product flow number fall into either transitional or turbulent zone. In comparing the cases with acceptable delivery performance and those with unacceptable performance one can note the following. The eighteen cases with unacceptable delivery performance, produced with an average of order quantity of 259,300 pcs, with an average lead time of four months and an average production rate of 17,870 pcs per month from one production line. These eighteen products routed on an average of twenty two different suppliers and then reached to the manufacturer. The average characterization factors of these eighteen products were calculated as fourteen. On the other hand, the twenty two cases greater than 95% delivery performance produced with an average of 128,100 pcs, with an average lead time of five months and an average production rate of 21,900 pcs per month from one production line. These twenty two products routed on an average of nineteen different suppliers and then reached to the manufacturer. Also the characterization factors of these twenty two products were measured on an average of eleven. Based on this comparison, a tentative reason for transitional and turbulent product dynamics in a supply chain and thus bad delivery performance is related to the complex parameters of the products involved in theses supply chain cases. Further explanation of the impact of these parameters of the supply chain dynamical performance is explained in the next section. 
Industrial application
In this section, a simple style in an apparel industry is considered and its product flow number is calculated. Further analysis is conducted by changing different input parameters and examining the product flow number. This analysis includes various scenarios for different styles with different order quantity, number of suppliers, number of colors, production rate and with different characterization factors. Each scenario represents a supply chain management scenario where the product flow number can guide the planners to various problems and solutions required to better manage the dynamics involved in each scenario. Fig. 4 shows the basic style considered in this study. The supply chain network for this product is shown in Fig. 5 . As mentioned earlier, only the prime suppliers of this style have been depicted.
For example, the buyer ordered 100,000 pcs of garments with five different colors to be delivered within four months. The garment has all the embellishments (print and embroidery) but they are very basic. The construction of the garment is simple and the final garment need to be washed before packed. Twenty one major suppliers of the style have been identified.
The product flow number calculation for this basic style case is shown in case 1 in Appendix C, Table C1 . The PFN value of 407 signifies that the flow pattern of this case is laminar, which means that the style production process will be under control and all the stages of the supply chain network will experience smooth flow of production. In the first analysis, we will assume that for the same style, we will have to produce with a delicate fabric, there is a lot of embellishment works in the garment and some extra features have been added to the garment which will increase the garments factor (g) value as well. Thus, the total characterization factor will increase from five to sixteen. This will decrease the production rate r, and the new rate can be determined using Eq. (6). The order quantity (Q t ), the number of available configurations (c) and number of suppliers (n) of the garment are kept constant. The product flow number for this second case (case 6 in Appendix C, Table C1 ) is calculated to be 2915 which means that the product flow now becomes transitional. This implies that the supply chain planning managers need to think about this specific style and the dynamics it will generate. It will behave differently as compared to the previous case. To examine the impact of the characterization factor more, case 9 in Appendix C, Table C1 will present the inclusion of more features which will result in higher product flow number of 6808. This indicates that product flow pattern within the supply chains will have undesirable dynamics leading to a non smooth flow. There will be lower overall supply chain productivity and delivering the products to the buyer on time will require more attention and better supply chain management. Finally case 10 in Appendix C, Table C1 shows the greatest impact of characterization factor (m ¼25) over product flow number while keeping the other factors as constant. The PFN for this case we calculated to be 10,265. Fig. 6 (a) depicts the effect of characterization factor on product flow number. Fig. 6(b) shows the effect of order quantity on product flow number. In this analysis, the characterization parameters are kept constant as well as the number of suppliers and number of available configurations. The order quantity is varied and the flow conditions are tested. It is shown that as the order quantity increases the flow pattern changes from laminar to transitional and from transitional to turbulent. See Appendix C, Table C2 for detailed analyzing data of the effect of order quantity on product flow number. will be. See Appendix C, Table C3 for analysis of the effect of delivery time on product flow number. Fig. 6(d) and (e) shows the effects of the number of available configurations and the number of suppliers on the product flow number. One can observe that as these two parameters increase, the flow changes from laminar to transitional and then to turbulent under different input conditions. The increased number of product configurations as well as the number of suppliers increases the management complexity of the supply chain network. For example, the effort to plan and control the supply chain of a style which has its raw materials coming from twenty five different suppliers is much higher than that of the same style with aggregated lower number of suppliers. If we add the previous case that is not just one style, but it's actually five or six styles, one can realize the other layer of complexity added to the supply chain management problem. From a product flow number perspective this way can lead to a turbulent or undesired dynamics in the product flow. See Appendix C, Tables C4 and C5 for detailed analyzing data of the effect of number of available configurations and number of suppliers on product flow number. Finally Fig. 7 summarizes the calculated product flow number for the previously observed forty products with different supply chain network configurations. In general and based on the previous analysis, the reason that these products fall in the transitional and turbulent zones was due to the complexity their configurations as well as their supply chain network. To alleviate this shortage, proper supply chain planning is necessary. The supply chain managers need to understand and calculate the variegated nature of the supply chain dynamics for these products and thus the product flow number will come to play an important role in this area. This is further explained in the coming section.
Guidelines for managing apparel supply chain based on PFN
The developed product flow number can be used at both the planning phase as well as at the control phase in the apparel supply chain management. Typically, apparel industries deal with multiple products and every product has its own traits. Thus at the planning phase, when customer orders are placed, the planner should calculate the product flow number for each product and based on the calculated PFN, a priority list is set (with products having lower values at the top of the list). The next step will involve managing each product on that list with respect to its PFN value paying extra attention to the coordination among multiple products when it comes to corrective actions required. This is further explained as follows:
If the product flow number is less than 2300 then the current configuration of the supply chain is capable of fulfilling the required order. A routine follow up needs to be done in this case until the products reach the warehouse of the buyer.
If the product flow number is found to be between 2300 and 4000, then this is an indication that the current supply chain configuration is at risk of being unable to fulfill the required order at a timely manner. Proper follow up and extensive planning is required to reduce the product flow number and change that transitional flow to a laminar one. A typical action that the managers can do in this case is to scale the supply chain capacity up. For example, more production lines for this style should be allocated to ensure the smooth flow of supply to its immediate supplier. Another action can be to aggregate the number of raw materials' suppliers who will be involved.
Finally, a product flow number greater than 4000 would indicate that the product flow nature in the supply chain network will be extremely complex. With such undesirable dynamics, planners should think of reconfiguring the supply chain capabilities to be able to meet the customer order. Examples of such reconfigurations are to scale up the production capacity or to change their organizational structure to cope up with such undesirable dynamics. Without such actions together with rigorous planning and follow up then it will be almost impossible to deliver the full quantity of orders to its destination on time. Fig. 8 summarizes the previous planning guidelines based on the product flow number.
The developed metric can also be used at the control level of the apparel supply chain management. The product flow number can be used as tracking tool throughout the supply chain to control its performance and monitor expected delivery time. To illustrate this control aspect the following example is proposed. An order of 100,000 pcs of garments has been placed to the supply chain. The style was highly complicated with different kinds of embellishments, and its characterization factor was calculated to be twenty. For the first month the manufacturer allocated only one production line and calculated its product flow number to be 4200. However, at the beginning of the second month while the manufacturer was still allocating one production line with the same constraints, the product flow number increased to 4725 Required special attention, supply chain reconfiguration, rigorous planning and follow up to ensure the flow reduces from turbulent to transitional to laminar.
Review of supply chain planning, proper follow up, and scaling up the capacity to ensure the PFN value reducedfrom transitional to laminar.
< PFN ≤ 4000
Order placed to the supply Chain Style Confirmation PFN ≤ 2300
Identify the value of PFN PFN > 4000
Use routine follow up to ensure it's duly delivery to the buyer Fig. 8 . Planning guidelines based on product flow number (PFN).
Table 3
Examples of how PFN calculations are used to control orders in apparel supply chain. which indicates a more turbulent status for the product flow. As a control action, the manufacturer decided to scale up the capacity and increased the production line to two lines on the third month. This control action reduced the product flow number from 4725 to 2800. On the final month of delivery the manufacturer allocated four production lines to ensure 100% on time delivery of the required order. It is important to note that although the manufacturer allocated more production lines, it was still having a high product flow number of 2100 which indicates that extra work need to be done to ensure the 100% on time delivery. Table 3 shows the monthly production status and product flow number calculation for this example. It is clear that the product flow number can navigate the different supply chain phases as a control metric to ensure the proper decisions are taken to fulfill required orders.
Conclusions
This paper introduced a novel dimensionless metric called product flow number to determine the product flow nature across the supply chain of apparel industries. The product flow number is meant to provide a better understanding for the nature of the product flow across the supply chain. The metric is based on mapping the dynamics of fluid flow across a pipe to product flow across a supply chain. The proposed product flow number metric is function in the total order quantity, number of suppliers, number of available product configurations, the characterization factor of the product, the production rate and finally the delivery time of the product. In addition, the values for product flow dynamic limits were calculated. Numerical analysis for various supply chain scenarios was conducted to examine the impact of the different product flow number parameters on the product flow. Results showed that smooth dynamics within the apparel supply chain can be achieved through scaling production and extending delivery times, and aggregating the number of suppliers while undesirable dynamics are tied to complex product designs and increasing number of suppliers. Finally, the paper demonstrated how the new metric can be used as a planning and control tool to better manage supply chain dynamics in the apparel industry.
The PFN will aid managers of supply chains in various decisions concerning the configuration of their supply chain (e.g. deciding on the number of suppliers, scaling supply capacity, etc) as well as handling various complex product types (e.g. dedicating various resources to specific products, deciding on customer response lead time, etc.). In real supply chain practices, it is normally difficult to fully predict the product flow nature at the time orders are put to the supply chain. Thus, implementing the proposed product flow number can help to eradicate these anxieties and will ensure better flow visibility for better decisions.
Future work is required to extend this approach to other manufacturing practices beyond the apparel industry. In addition, more work is required to investigate the characterization factor (m) different aspects to better reflect various product attributes. Considering other performance measures beside delivery time and at various target levels to determine the product flow dynamic limits is an expected extension of this work. Finally, a full sensitivity analysis for the parameters involved in the product flow number would reveal many important relations and guidelines that will help managing the complex dynamics for apparel supply chains. 
